Direct and interacting effects of four seasons of uncontrolled citrus red mite, Panonychus citri (McGregor), populations with 36 other combinations of grove management practices were examined to seek the existence of long-tenn deleterious consequences of not controlling mite populations on 'Navel' orange, Citrus sinensis (L.) Osbeck. Results from the first 2 yr were published previously. In the 3rd and 4th yr, P. citri populations reached mean peak densities of7.1 and 2.2 adult female P. citri per leaf at one site and 9.7 adult females per leaf at a second site on trees where effective acaricides were withheld. These populations caused yield reductions of 9, 6.6, and 11.4%, respectively. Simultaneous increases in average fruit size of2.3 and 2.1% were observed at the first site but not the second. Effects were confined to the season of differential acaricide application and did not carryover into subsequent seasons. Total yield increased with increasing fertilization level in the third and fourth year, as in the first 2 yr. Average fruit size decreased with increasing fertilization level in the third year but not the fourth. Fungicidenematicide treatments increased total yield and fruit size in both the 3rd and 4th yr. Growth regulator treatments did not significantly affect total yield either year and caused a slight (1.0%) reduction in fruit size in the fourth year. Differential irrigation did not have a consistent, significant effect on total yield, but fruit size consistently increased significantly with increasing irrigation at both sites. Yield reductions from high P. citri populations were greater on nitrogen-stressed trees (16-18%) than on trees that were fertilized conventionally (1-6%) or excessively (0-4%). Total yield and average fruit size did not differ consistently because of any other interactions between effective P. citri treatments and other cultural practices. Marketing conditions continued to favor large fruit; thus, increases in average fruit size on trees where P. citri populations were not effectively suppressed continued to be at least a compensating, if not beneficial, consequence of withholding acaricide applications.
Previously, we measured the effect of citrus red mite, Panon!Jchus citri (McGregor), populations on total yield, fruit size, fruit grade, and total crop value of commercial-bearing orange trees under several different grove management practices over two seasons (Hare et aI. 1990) . Although mite populations two to four times higher than the previous treatment threshold of two adult females per leaf sometimes reduced total yield as much as 10%, these yield reductions were accompanied by an increase in fruit size. We also calculated the economic return of suppressing citrus red mite populations under the prevailing economic conditions and found that citrus red mite suppression provided uncertain economic returns because of the compensatory economic effect of increased fruit size on reductions in yield (Hare et aI. 1990 ). To ensure that our initial results were not caused by a long lag time in responses of trees to mite injury, we continued our studies for an additional 2 yr. In 487 particular, we were interested in any more subtle, cumulative effects of mite damage to trees over several seasons that would require >2 yr to be demonstrated. Also, we wished to determine if any such effects would vary in their severity over the 36 combinations of three irrigation treatments, three fertilization treatments, two fungicide-nematicide treatments, and two growth regulator treatments in the original study. Direct and interacting effects of these other cultural treatments independent of their interactions with P. citn will be reported elsewhere.
There are, to our knowledge, no a priori criteria available to determine how long such research must continue to ensure that all potentially deleterious consequences are disclosed. However, given the volatility of the marketing of citrus (e.g., yearly variation in price structures reported by Hare et al. [1990] ), we believe that any deleterious biological effects not manifest after four accumulated seasons are likely to be well beyond economic relevance.
Materials and Methods
Complete descriptions of the McKellar experimental plot and treatment protocols were published previously (Hare et al. 1989a,b; . Briefly, the three irrigation treatments (80, 100, and 120% of calculated daily evapotranspirational demand [ET e]), three nitrogen fertilization treatments (deficient, standard, and excess), two fungicide-nematicide treatments (treated versus untreated), two growth regulator treatments (gibberellin-treated versus untreated), and two acaricide treatments (treated versus untreated) were arranged in a factorial design with four blocks of 72 trees and one tree per treatment combination per block. Trees were assigned to treatments on the basis of pretreatment yields and visual ranking of overall size and vigor, both made in early 1985. With the exception of the acaricide treatment, which commenced in 1987, all treatments commenced with the 1985 growing season, and the various dates and rates of applications for the 1985-1988 seasons were reported previously (Hare et al. 1989a,b; .
For the 1989 and 1990 growing seasons, differential irrigation, fungiCide-nematicide, and growth regulator treatments were repeated as in previous years (Hare et al. 1989a,b) . Trees designated to receive fungicide-nematicide treatments had pesticide injectors attached to their irrigation lines. Oxamyl (Vydate L, 6.7 kg [AI]/ ha, E. I. du Pont de Nemours & Company, Wilmington, Del.) was added to the irrigation water monthly from May through October each year for nematode suppression. Metalaxyl (Ridomil 2E, ClBA-GEIGY, Greensboro, N. C.) was added to the irrigation water at a rate of 1.0 g/m 2 of tree leaf canopy twice each year, once in June and again in September. All fertilizations comprised soil applications of urea in 1989. All trees received 0.23 kg actual N per tree on 9 February. Trees in the "standard" treatment received an additional 0.45 kg actual N per tree on 21 March, whereas trees in the "excess" nitrogen treatment received a total of 0.91 kg actual N per tree on the same date. In 1990, all trees received a soil application of 0.34 kg actual N per tree (as NH 4 N0 3 ) on 20 February. Trees in the "standard" nitrogen treatment received a foliar application of 0.24 kg actual N per tree (as urea) on 5 March. Trees in the "excess" nitrogen treatment received, in addition to the above, a second foliar urea application of 0.25 actual N per tree on 22 May. On 18 June, all trees were uniformly sprayed with a micronutrient mixture of Ca(N0 3 )2 and MgS04, which contributed an additional 0.06 kg N per tree.
The 144 trees where mite populations were to be suppressed were sprayed with oxythioquinox (Morestan 25 WP, 2.8 kg [Al]/ha; Mobay Corp., Kansas City, Mo.) in ""39 liters of water per tree on 11 April 1989 and on 25 April 1990, before trees bloomed and before citrus red mite populations expanded. In contrast to previous years, only one acaricide application was made each year. The remaining 144 trees remained untreated with an effective acaricide, as they had been since the spring of 1984.
In prior years, the commercial operator withheld other pesticide applications for us, but economic losses, primarily due to scarring by citrus thrips, Scirtothrips citri (Moulton), made it imperative that the grove be uniformly treated by the commercial operator both years for suppression of pests not included in the experimental design. (Walker) . None of these materials is recommended for suppression of P. citri in California. Formentanate hydrochloride is effective and registered for use against other mite species on other crops but is not effective against P. citn, especially when applied as an outside coverage as specified for thrips suppression. The effect, if any, of these insecticide treatments on peak P. citri densities relative to previous seasons when such treatments were withheld are noted in the results.
Additional experiments exploring the potential interaction between the citrus red mite and differential irrigation levels were continued on a second experimental plot of 108 trees at the Lindcove Field Station, Exeter, Calif. The experimental design of this plot has also been described previously (Hare et aI. 1990 ). Briefly, the plot consisted of nine rows of 12 trees each. Each half-row (i.e., six adjacent trees) was irrigated independently.
Each of the 18 half-rows was assigned to one of three irrigation treatments in a balanced design. Irrigation was provided by a drip irrigation system with differential irrigation provided by differences in the number of emitters per tree (i.e., four emitters for the 80% ETc trees, five emitters for the 100% ETc trees, and six emitters for the 120% ETc trees). Within each half-row, three adjacent trees were assigned to one of four acaricide treatments. In the first treatment, mites were suppressed with annual applications of oxythionox made as described previously (Hare et al. 1990) were monitored at 1-4 wk intervals, depending upon density at both plots in 1989 as described previously (Hare et aI. 1990 ). Accumulated mitedays were calculated for each tree as the area under the mite density curve as described by Hare & Youngman (1987) . Limited logistical support precluded monitoring mite populations regularly in 1990; however, one census was made on 31 May, a date expected to be near the occurrenCe of peak densities. Fruit Yield and Size. Fruit diameter was measured with calipers to the nearest 0.5 mm while still attached to each tree during the winter dormant period before harvest at Lindcove both years and at McKellar for the crop grown in 1990. fruit from the various irrigation, nitrogen, and growth regulator treatments were pooled into four separate lots for each combination of fungicide-nematicide and acaricide treatments and packed separately. At Lindcove, fruit from trees in the three irrigation treatments were pooled within the two acaricide treatment schedules (treatments 1 and 3 versus 2 and 4), and the two lots of fruit were graded and packed separately.
The severe midwinter freeze during 20-30 December 1990 made both crops grown during 1990 unsalable; therefore, no commercial packouts were obtained that year. However, the freeze did not affect our measurements of total fruit production or fruit size distribution at either site.
Statistical Analysis. Statistical analyses were done by analyses of variance (ANOVA) as described previously (Hare et aI. 1990 ). At the McKellar site, variation in total yield and fruit size among blocks and among irrigation treatments was tested over the block x irrigation treatment interaction. Variation between fungicide treatments and the irrigation x fungicide treatment interaction was tested over the blocks X (fungicide treatment within irrigation treatment) interaction. Variation between acaricide treatments, the irrigation x acaricide treatment interaction, the acaricide x fungicide treatment interaction, and the acaricide X fungicide x irrigation treatment interaction were tested over the blocks x acaricide treatment within (fungicide x irrigation treatment) interaction. All other main effects and interactions were tested over the re- 
Results

Mite Population
Densities. Population responses of the citrus red mite to these cultural manipulations were presented elsewhere (Hare et aI. 1989 a and c) . In general, mite population growth and decline followed the seasonal pattern seen in previous studies (Hare & Youngman 1987; Hare et al. 1989 a,b,c; . At the McKellar plot, peak mite densities were observed on 24 May 1989 (Fig. la) . The number of adult females per leaf on this date was 7.17 ± 0.45 (i ± SEM) Mite-days, 1989 No. adult 'i' 'i' on trees not treated with oxythioquinox and 1.15 ± 0.12 adult females per leaf on oxythioquinoxtreated trees. Peak densities on oxythioquinoxtreated trees were observed on 21 June and were 4.65 ± 0.25; these populations rapidly declined shortly thereafter (Fig. la) . The peak density for P. citri on both treatments was higher, and peak densities occurred later than observed in the two previous seasons (Hare et al. 1990 ). These results do not indicate that pesticides applied during mite population growth for thrips suppression in 1989 contributed much toward P. citri suppression relative to the two previous years when thrips treatments were withheld. Moreover, the late-season thrips treatments had no dramatic effect in reducing P. citri populations on acaricideuntreated trees or preventing an increase in lateseason P. citri populations on acaricide-treated trees.
Mite densities observed on 31 May 1990 are presented in Table 1 . An examination later in the summer showed that leaf stippling increased after the single 1990 McKellar mite census; thus, mite densities reported in Table 1 were probably below their seasonal peak abundance. At Lindcove, peak densities were observed on 7 June 1989 ( Fig. Ib) and were 9.74 ± 0.97 adult females per leaf on untreated trees in the 120% irrigation treatment compared with 0.81 ± 0.16 adult females per leaf on treated trees in the same irrigation treatment.
On acaricidetreated trees, peak densities of2.15 ± 0.18 adult females per leaf occurred on 21 June, and these populations also declined shortly thereafter ( sidual error mean square. Means were compared using Tukey's studentized range test as implemented in the SAS ANOVA procedure (SAS Institute 1985, p. U8). Economic Analysis. Net fruit prices per packed box were obtained from a confidential survey of several packing houses representing -=50% of the volume of 'Navel' oranges grown in the San Joaquin Valley. The value of fruit actually packed was calculated as the product of the number of cartons in each grade and size class per treatment times the average net price per box those fruit would bring to the grower, summed over all size and grade classes packed (Hare et al. 1990 ). In conb'ast to our previous calculations, here we report only benefits (or losses) using average prices actually in effect the year when the crop was sold. 1) . Although oxamyl is an insecticide as well as a nematicide and systemic, we have yet to observe a significant deleterious effect of fungicidenematicide applications on P. citri densities (Hare et al. 1989a) . If anything, the trend has been for slightly (although not signficantly) higher P. citri populations on fungicide-nematicide-treated trees (Table I) , perhaps because of the increase in overall tree vigor where root pathogens are suppressed (Hare et al. 1989a) .
At the Lindcove plot in 1989, mean mite-days differed significantly between acaricide-treated and untreated trees (F = 185.44; df = 1, 102; P < 0.0001) ( Table 2) but not among irrigation treatments (F = O.ll; df = 2, 102; P = 0.90), nor from the acaricide x irrigation interaction (F = 0.13; df = 2, 102; P = 0.88). This confirms the pattern reported previously (Hare et al. 1990 ).
Total Yield. At the McKellar plot in 1989, total yield continued to be significantly affected by fertilization treatments, fungicide-nematicide treatments, and oxythioquinox treatments (Tables 3 and 4). Total yield was reduced =10% by deficient fertilization, was 24% higher on trees treated with fungicide-nematicide, and was 9% higher on trees treated with oxythioquinox. Relatively few of the interaction terms were statistically significant with the notable exception of the fertilization x oxythioquinox interaction (Table 4).
In 1990, irrigation additionally affected total yield significantly for the first time, although there had always been an historical trend for the more heavily irrigated trees to have higher yields (Hare et al. 1990 ). Yields were reduced 14% when trees were irrigated at 80% ETc compared with trees irrigated at 100 or 120% ETc (Table 3) . The other factors affected yield similarly but to a somewhat lesser extent in 1990 than in 1989. Deficient fertilization reduced yield 6.7%, fungicide-nematicide treatments increased yield 15.5%, and oxythioquinox treatments increased yield 6.6%. Overall yields were lower in 1990 than in 1989, which is consistent with a tendency toward "alternate-year" bearing in this grove re- ported previously (Hare et aI. 1990 ). Once again, we obtained a significant fertilization x oxythioquinox interaction as in 1989 (Tables 3 and 4) . Upon reexamining our previous data, we found that withholding acaricides suppressed yields more on trees in the "deficient" fertilization treatment than on trees in the "conventional" or "excess" treatments, but this effect reached statistical significance only in 1989 and 1990 (Table   5 ).
In contrast to previous results (Hare et aI. 1990) , total yield at Lindcove differed only between oxythionox-treated and untreated trees in 1989 (F = 4.84; df = 1, 102; P = 0.03) ( Table 6 ).
Acaricide applications increased total yields 6.7% in the 80% ETc irrigation treatment, 11.7% in the 100% irrigation treatment, and 15.8% in the 120% ETc irrigation treatment. The previous trend of yield increasing with increasing irrigation level differed slightly in 1989 in that trees in the 100% irrigation treatment yielded slightly more than trees in either the 80 or 120% ETc treatments. In 1990, however, when mite populations were suppressed on all trees, total yield differed only between irrigation treatments (more heavily irrigated trees had greater yields, F = 4.11; df = 2,96; P = 0.02) but not among treatments based upon different histories of acaricide applications the previous two seasons (F = 0.11, df = 3,96; P = 0.95). Interactions involving acaricide treatments and irrigation treatments on total yield were not statistically significant either year (F = 0.22; df = 2,102; P = 0.80 in 1989 and F = 1.33; df = 6,96; P = 0.25 in 1990) (Table 6 ).
Fruit Size. Irrigation treatments significantly affected average fruit diameter at the McKellar grove both years (Tables 3 and 4) , and fruit size increased with increasing irrigation level; this effect has been reported previously (Hare et al. 1990 ). There was an inverse effect of fertilization on fruit diameter in 1989 but not in 1990 (also seen in previous odd-and even-numbered years); fungicide-nematicide treatments resulted in a 2.0% increase in fruit diameter in 1989 and a 2.4% increase in 1990. Growth regulator treatments caused a slight (1.0%) although statisti- cally significant increase in fruit diameter in 1990 but no significant effect in 1989 (Table 3) . Acaricide applications had a net deleterious effect on fruit size both years (2.3% in 1989 and 2.1 % in 1990), continuing a trend seen previously (Hare et al. 1990 ). Relatively few interaction terms were statistically significant either year. In particular, the fertilization x acaricide treatment interaction was not statistically significant either year (Tables 4 and 5) .
Fruit diameter once again increased significantly with irrigation level at Lindcove in 1989 and 1990 (F = 8.29; df = 2, 102; P = 0.0005 in 1989 and F = 4.14; df = 2,96; P = 0.019 in 1990) (Table 6 ). Fruit diameter in 1989 was not significantly affected by acaricide treatments made that season (F = 0.60; df = 1, 102; P = 0.44) (Table 6) , nor was fruit diameter in 1990 affected by the pattern of acaricide applications made over the previous two seasons (F = 0.25, df = 3, 96; P = 0.86).
Economic Analysis. The effect of slight (although significant) differences in mean fruit size may be more easily appreciated by comparing the size distributions of fruit actually packed from trees where P. citri populations were differentially suppressed (Fig. 2) . At both sites, relatively more fruit in the smaller size classes was produced by trees where P. citri populations were effectively suppressed the previous spring, whereas the opposite was true where effective acaricides were withheld. The economic significance of the differences in frequency distributions of fruit sizes is evident from Table 7 , which lists prices of packed oranges (net) for the crop grown during 1989 and average prices in effect for the 1984-1989 growing seasons. Marketing conditions continued to favor larger fruit in 1989, as generally has been the case over the last 6 yr, espeCially for first-grade fruit. Thus, although effective P. citri suppression consistently resulted in an increase in total fruit yield, most of that increase occurred in the less valuable fruit size classes.
At the McKellar grove, the one application of oxythionox would have resulted in a loss of$5.43 per tree in 1989. This value is especially noteworthy because we made only one acaricide application in 1989 compared with two each in 1987 and 1988, thus reducing our expenses from $2.37 per tree to $1.34.
Losses in crop value probably would have been greater if we had been able to partition the crop into additional lots for commercial pack-out to examine the interaction of differential fertilization with acaricide applications on crop yield and value. Economic benefits of acaricide applications would no doubt have been greater in the nitrogen-deficient trees than trees in the other two fertilization regimes because of the effect of mite suppression on total yield (Table 4) . However, because we had to pool fruit over the three fertilization treatments, and because the responses of the trees to excessive and deficient fertilization were not symmetrical around the standard treatment, our treatment benefits may be greater than for a commercial grove uniformly fertilized following conventional practices. Conversely, we predict that losses in crop value from acaricide applications for mite populations near the densities we observed would be even greater for commercial groves following standard fertilization procedures than were calculated from this experiment.
At Lindcove, the 1989 crop showed a benefit of $0.97 per tree. We question this latter value because the volume of the crop from untreated trees was reduced an unmeasured amount by fruit abscission during the unavoidable 5-wk delay between harvesting fruit from treated and untreated trees.
At best, effective suppression of the citrus red mite was no more than a "break-even" manage- ment strategy in 1989 under the densities we observed, our range of growing conditions, and marketing conditions in effect when our experiments were conducted. No economic analysis was possible for the crops grown during 1990 because the midwinter freeze made both crops unmarketable. We predict that the observed increase in fruit size on trees where effective acaricides were withheld at the McKellar grove in 1990 would also have at least partly compensated for the loss in yield, based upon average fruit price structures over the past six seasons (Table  7) .
Discussion
The citrus red mite was apparently introduced into California from Florida shortly before the turn of the century (McGregor 1916) and has been believed to be the most important of the mite pests of citrus in California ever since (Jeppson et al. 1975) . Little quantitative information has been published to substantiate that belief, however. All of the early work on the economic status of the citrus red mite was done in southern California in regions where citrus groves were subjected to hot, desiccating "Santa Ana" winds in the fall and early winter. Prior feeding by mites on citrus leaves was repOlted to predispose trees to defoliation by these winds (e.g., Jeppson et al. 1975 port of this idea is anecdotal, and we have not been able to find any published study that successfully relates the variation in mite damage before exposure to winds to variation in the amount of defoliation, or to variation in crop value or yield. In one of the earlier reviews, Boyce (1936) asselted that severe citrus red mite injury resulted in severe defoliation followed by twig dieback, and "under certain conditions, injury to the fruit may cause it to be marketed in a lower grade, while under other conditions it is possible that the ultimate size of the fruit may be adversely affected" (Boyce 1936) . Neither data nor citations were presented to support these statements, nor was there any economic analysis of the injury relative to the cost of treatment.
Somewhat later, Elmer et al. (1980) investigated the effect of acaricide treatments on yield of newly planted 'Navel' orange trees in the San Joaquin Valley, where drying winds are less frequent and less severe than in the southern California cib'us-growing regions. They repOlted 15-17% yield reductions over a 5-yr period (tree age, 2-7 yr) from untreated citrus red mite populations reaching densities as high as 3.1 adult female mites per leaf. Funding was not available to carry these studies further until trees reached full production, however. Fruit diameter was not recorded in these studies, as it was asserted (without documentation) that "the injury attributed to citrus red mite feeding on navel oranges neither causes a variation in fruit size nor is it distinguishable as a rind scar when the fruit is mature" (Elmer et al. 1980) . Thus, despite the presence of the citrus red mite in California for the best part of a century, it was only until the initiation of this project that the effect of the mite on crop value was examined in any systematic way. We are, in most cases, unable to confirm older beliefs as to the seriousness of the mite's feeding injury to foliage on photosynthetic capacity, crop production, and crop value (see also Hare & Youngman 1987; Hare et al. 1989a,b,c; ). Although we can confirm that high mite populations may reduce yield slightly, we often found an increase in the size of remaining fruit. This latter observation is novel only because the effects of the citrus red mite on fruit size never were sought previously. Similarly, the economically beneficial aspects of an increase in fruit size are also novel only because previous investigators neglected to ascertain the impact of the citrus red mite in any way at all relevant to the economic returns of commercial citrus growers. Although we recognize that many changes have occurred in citrus culture over the past several decades, we are unable to ascertain to what extent these practices may have ameliorated the consequences of citrus mite injury because comparable quantitative data from the previous era are lacking.
Two major conclusions can be drawn from the data presented here. The first is that citrus red mite populations peaking at densities approaching 10 adult females per leaf in the spring cause no cumulative injury over up to four consecutive seasons. The second is that the apparent compensatory responses of trees between total yield and mean fruit size occur entirely within one season. Thus, under our grove management conditions and observed mite population densities, there are no apparent long-term, among-season effects of feeding by uncontrolled citrus red mite populations to complicate treatment decisions. As a result of these studies, growers with wellmaintained groves are now encouraged to tolerate citrus red mite populations in excess of the old threshold of two adult females per leaf (e.g., at least eight adult female mites per leafby 4 wk after petal fall) (Pehrson et al. 1991) , thereby minimizing acaricide treatments and preserving populations of predaceous mites and other natural enemies valuable in controlling other more impOltant citrus insect pests.
